Abstract-Metabolic rates of reptiles vary with body temperature; therefore, the sensitivity of reptiles to a particular dose level of a pesticide might be expected to vary as well. The purpose of the present study was twofold: To evaluate the effects of temperature on the toxicity to green anole lizards (Anolis carolinensis) of a single concentration of a natural pyrethrin pesticide via percutaneous exposure, and to compare the effects of temperature (20 vs 35ЊC) on the toxicity of different concentrations of pyrethrins to green anoles. When lizards were exposed to a solution that contained 300 mg/L of pyrethrins, the mortality of lizards maintained at 15 and 20ЊC was significantly higher ( p Ͻ 0.01) than the mortality of lizards maintained at 35 and 38ЊC. In addition, the median lethal concentrations of pyrethrins for lizards maintained at 20 and 35ЊC were 77.6 and greater than 300 mg/L, respectively. Therefore, temperature clearly influenced the sensitivity of lizards to pyrethrin pesticides.
INTRODUCTION
Approximately 25 years ago, Hall [1] pointed out the paucity of information concerning reptile toxicology and concluded that reptiles should be included in toxicological studies along with birds, mammals, and aquatic organisms. His suggestions, however, were largely ignored. Later, a review by Hall and Henry [2] further elucidated the lack of information regarding the specific effects of pesticides on reptiles. More recently, Hopkins [3] demonstrated that reptiles continue to be largely neglected and rarely are included in ecotoxicological studies. Furthermore, Gibbons et al. [4] reported that many species of reptiles are decreasing in abundance worldwide, at least in part because of environmental contaminants. Although little information is available concerning the specific effects of contaminants on reptiles, it has been documented that reptiles bioaccumulate contaminants [5] [6] [7] . Therefore, information is needed regarding the effects of environmental contaminants on reptiles [8] . Nevertheless, regulatory agencies have been slow to include reptiles in the required testing of chemicals.
As far as can be determined, no testing on a species of reptile is required for the registration or reregistration of pesticides. In addition, reptiles rarely are included in ecological risk assessments [9] . Instead, regulatory agencies have assumed that reptiles are protected by regulations developed to protect birds and mammals [10] . A study by Hall and Clark [11] suggested that green anole lizards (Anolis carolinensis) respond to organophosphate pesticides in a manner similar to that of birds and mammals, but other studies have suggested that reptiles may be more sensitive than homeothermic vertebrates to some types of pesticides [12] . A major problem with earlier pesticide studies on reptiles is that ambient temperature, which affects metabolic rate and enzymatic activity, typically was ignored. Nevertheless, Hall [1] recognized that the sensitivity of an animal to a contaminant probably would * To whom correspondence may be addressed (talentl@okstate.edu).
vary depending on the physiological state of that animal. Because reptiles are poikilothermic and their metabolic rates vary with body temperature [13, 14] , one would expect that the sensitivity of reptiles to a particular dose level of a pesticide might vary with temperature. However, the relationship of body temperature and sensitivity to contaminants has been poorly investigated in reptiles.
As a step toward determining if temperature should be included in protocols for evaluating the sensitivity of lizards to pesticides and, perhaps, other contaminants, the present study was designed to elucidate dose-response and temperature relationships in lizards exposed to a pesticide via percutaneous exposure. A natural pyrethrin pesticide was selected as the experimental chemical. Pyrethrins consist of a group of six natural chemical compounds that occur in pyrethrum flowers (Chrysanthemum cinariaefolium) [15, 16] . Natural pyrethrins and their synthetic analogs, the pyrethroids, are effective insecticides with low toxicity to homeothermic vertebrates [17] . Pyrethrins commonly are used in commercially available sprays and shampoos for control of ectoparasites in birds and mammals, whereas pyrethroids often are used for field applications to control arthropod pests. Modern pyrethroids have been designed to persist longer in the environment and have greater insecticidal activity than natural pyrethrins [18] . Pyrethroids appear to be rapidly replacing some types of pesticides, because they are relatively nontoxic to birds and mammals, are less persistent than organochlorine pesticides, and are extremely toxic to a large variety of insects [18] [19] [20] [21] . Few studies have evaluated the effects of pyrethroids on reptiles; however, Alexander et al. [22] reported that deltamethrin, a pyrethroid, caused significant lizard mortality in controlled enclosures as well as under field conditions. Therefore, because reptiles may be exposed to natural pyrethrins and pyrethroid pesticides as a result of veterinary treatment of ectoparasites and in the field via application of pesticide to control arthropod pests, a need exists to determine the factors that influence the sensitivity of reptiles to these pesticides.
Environ. Toxicol. Chem. 24, 2005 L.G. Talent The green anole lizard (A. carolinensis) was selected as the test animal, because it is common in southeastern United States and fairly representative of a large group of lizards belonging to the family Phrynosomatidae that occurs throughout much of North America. Lizards in the family Phrynosomatidae may be terrestrial, saxicoleous, or arboreal. Many of these species are common in residential and agricultural areas and could be exposed when pesticides are used to control arthropod pests.
MATERIALS AND METHODS

Study animals
Adult green anole lizards were purchased from an animal dealer (Alligator Alley, Oklahoma City, OK, USA). Their exact geographic origin was unknown, except that they were collected in southern Louisiana, USA. After arrival, lizards were acclimated to laboratory conditions for one week before use in experiments.
Pyrethrin pesticide
A pyrethrin-based pesticide, Eight In One premium mite and lice bird spray (8 IN 1 Pet Products, Hauppauge, NY, USA), was used as the stock solution. This pesticide mixture typically is sprayed directly on birds for control of ectoparasites. The active ingredients of this mixture were 300 mg/L of pyrethrins and 3,000 mg/L of piperonyl butoxide. Dilutions were made with reagent-grade water (18 M⍀).
Effect of temperature on sensitivity of lizards to the stock solution
Adult green anoles of each sex were randomly assigned to six experimental groups and a control. For each sex, each experimental group and the control consisted of 10 lizards. Lizards were exposed to pyrethrins by dipping their entire body, except for the head, into the stock solution (300 mg/L of pyrethrins) for 2 s. Controls were dipped in reagent-grade water. After being dipped, lizards were placed individually in sealed, 500-ml containers on a moist paper towel. A 5-mm hole was present in each container for ventilation. One experimental group and one control group of each sex were placed into each of six Precision incubators (Precision Scientific, Chicago, IL, USA) set at 15, 20, 25, 30, 35 , and 38ЊC. Temperature fluctuation was less than Ϯ0.5ЊC. Lizards were maintained at a constant temperature and were observed at 24 and 48 h. Because some lizards at the lower temperatures (15 to 20ЊC) were still exhibiting the effects of pyrethrin toxicity (i.e., muscle spasms and twitching) at 24 h, final mortality was determined at 48 h to allow time for the lizards to recover or die.
Effect of temperature on dose-dependent mortality
Green anole lizards of each sex were randomly assigned to five separate experimental groups and a control for both 20 and 35ЊC. For each sex, all experimental groups and controls consisted of 10 lizards. Nominal pyrethrin concentrations in the experimental groups ranged from 18.7 to 300 mg/L. Experimental lizards and controls were exposed and housed in a manner similar to that described above. Lizards were maintained at a constant temperature in Precision incubators for 48 h to determine mortality.
Data analyses
A Kruskal-Wallis test was used to examine the effects of sex for all pyrethrin concentrations and temperatures. Because no significant (p Ͼ 0.05) differences were found between sexes at any temperature or pyrethrin concentration, data for the sexes were combined. Kruskal-Wallis tests were then used to test for effects of temperature on the sensitivity of lizards to a single concentration of pyrethrin, to test for the effects of pyrethrin concentration at 20 and 35ЊC, and to compare the effects of pyrethrin concentration at 20 and 35ЊC. Dunn's multiple-comparison tests were used to compare the effects of specific pyrethrin concentrations and temperatures. A level of p Ͻ 0.05 was considered to be statistically significant.
Nominal pyrethrin concentrations were used to determine the median lethal concentrations (LC50s) from mortality data by trimmed Spearman-Karber analysis [23] . In addition, the same method was used to calculate the temperature that resulted in 50% mortality in lizards exposed to the stock solution.
RESULTS
Effect of temperature on sensitivity of lizards to the stock solution
Temperature had a large effect on the sensitivity of green anoles to natural pyrethrins. The calculated temperature that resulted in 50% mortality of lizards exposed to the stock solution was 33.45ЊC. Mortality increased significantly ( p Ͻ 0.05) with a decrease in temperature. The mortality of lizards maintained at 15 and 20ЊC was significantly higher ( p Ͻ 0.01) than that of lizards maintained at 35 and 38ЊC (Table 1) . Although pyrethrins were less toxic at 38ЊC, the high temperature apparently was stressful, because the skin color of all lizards, including controls, changed from green to dark brown, which is a symptom of stress in green anoles [24] .
Effect of temperature on dose-dependent mortality
Significant differences ( p Ͻ 0.05) were found in dosedependent mortality of green anoles at 20 and 35ЊC. The calculated LC50s of pyrethrins for lizards maintained at 20 and 35ЊC were 77.6 and greater than 300 mg/L (the highest concentration tested), respectively. Pyrethrin concentration levels of 300, 150, and 75 mg/L resulted in significantly ( p Ͻ 0.01) higher mortality levels at 20ЊC than at 35ЊC (Table 2) . At 35ЊC, no mortality occurred when lizards were exposed to the 75 mg/L of pyrethrin mixture; however, at this same concentration, 70% of the lizards maintained at 20ЊC died. 
DISCUSSION
To our knowledge, the present study represents the first attempt to document the specific effects of body temperature on the sensitivity of lizards to a pesticide. A shortcoming of the present study is that nominal concentrations, not exact concentrations, of pyrethrin were used. However, the primary purpose of the present study was to determine if temperature influenced the sensitivity of lizards to pyrethrin pesticides, not to determine the sensitivity of green anole lizards to precise doses of pyrethrins. Use of nominal concentrations was adequate for this purpose.
The present results demonstrate three things. First, green anole lizards can readily absorb pyrethrins though their skin. Second, green anoles are sensitive to pyrethrins. Third, temperature has a major effect on the sensitivity of anoles to pyrethrins.
That temperature affects the sensitivity of anoles to pyrethrins is consistent with the effects of pyrethrin and pyrethroid exposure observed in other poikilothermic animals, such as arthropods [25, 26] , fish [27, 28] , and amphibians [29, 30] . Pyrethrins and pyrethroids are neurotoxins and modify the ionic permeability of nerve membranes by affecting voltage-dependent sodium channels in the nervous system [31] . The primary reason that toxicity of pyrethrins and pyrethroids varies with the temperature of poikilothermic animals is because at lower temperatures, neurons are more susceptible to excitation as a result of increased sodium current flow through sodium channels [32, 33] . Therefore, mortality rates can vary from high to low for the same pyrethrin or pyrethroid concentration, depending on the temperature. For example, in the present study, most lizards exhibited symptoms (hyperactivity and twitching), and 70% of the lizards died when exposed to the 75 mg/ L of pyrethrin mixture when maintained at 20ЊC. At 35ЊC, however, most individuals exposed to the same concentration exhibited no symptoms, and none died.
Little is known about how temperature affects the sensitivity of reptiles to other types of pesticides. An early study by Hall and Clark [11] evaluated the effects of four organophosphate pesticides (parathion, methylparathion, azinphosmethyl, and malathion) on green anole lizards. Those authors found that when lizards were maintained at an ambient temperature averaging 25ЊC, the dose-related mortality and cholinesterase effects of the four pesticides on anoles were similar to those observed in birds and mammals. However, SanchezHernandez and Walker [34] studied the effects of parathion on brain cholinesterase inhibition in the lacertid lizard (Gallotia galloti) and found that the toxic effects depended on the time of day when exposure occurred, and they suggested that ambient temperature affected their results. Those authors explained their data by noting that parathion toxicity is dependent on metabolism in reptiles. Parathion needs to be bioactivated to inhibit brain cholinesterase activity. At low temperatures (low metabolic rates), lizards apparently bioactivated less parathion and toxicity was less, whereas at higher temperatures (higher metabolic rates), more parathion was apparently bioactivated and toxicity was greater [34] .
Clearly, the toxicity of a substance to reptiles will depend on at least two factors-the physiological status of the animal and the properties of the chemical-both of which may be affected by temperature. Homeothermic birds and mammals have a fairly constant body temperature. Therefore, except at extreme ambient temperatures, researchers can justify ignoring body temperature when avian and mammalian toxicity tests are conducted. The body temperature and metabolic rates of reptiles, however, can vary greatly, both during the day and throughout the year. As a result, because of the differences in enzymatic activity necessary to break down toxicants, cellular processes, and other metabolism-dependent physiological processes, the toxicity of different contaminants may vary with temperature. In other words, some will be more toxic at low temperatures, whereas others will be more toxic at high temperatures. Even when lizards are at their preferred body temperature, the enzymes produced may not be as efficient at degrading pesticides as are those produced by birds and mammals [35] .
Although it is apparent that the effects of temperature should be considered in any type of toxicological study that involves reptiles, developing protocols that account for the effects of temperature will require careful planning. For determining acute median lethal dose and LC50, it may be appropriate to test lizards in a manner similar to the technique used in the present study. Test animals could be maintained at the constant high and low temperatures that a reptile would be expected to experience during a 24-h period, particularly during the season when they are likely to be exposed to pesticides or other contaminants. Although this exposure technique will give precise information regarding the effects of temperature on lizard sensitivity, it does not represent a naturalistic approach, because active lizards typically do not maintain a constant body temperature for a day or longer. Instead, they vary their body temperature during the day because of behavioral thermoregulation, and they cool down to ambient temperature during the night.
A more naturalistic exposure technique would be to maintain the lizards under a 12:12-h light:dark cycle and provide a thermal gradient during the light cycle so that lizards are able to thermoregulate at their preferred temperature. Also, temperature during the dark cycle would have to be controlled to allow the lizards to cool down to a nighttime temperature typical of the species. Additionally, protocols would need to address the time when lizards are exposed to a toxicant. As pointed out earlier, Sanchez-Hernandez and Walker [34] reported that the toxic effects of parathion on lizards depended on the time of day when exposure occurred. Therefore, it seems probable that the time of exposure may affect results concerning toxicants for which toxicity varies with metabolic activity. As an example, consider the possible effects of exposing lizards to pyrethrins early in the light/temperature cycle compared to late in the light/temperature cycle. If lizards are exposed early, they may be able to detoxify most of the pyrethrins before cooling down during the night, and mortality will be reduced. Conversely, if lizards are exposed late, they may not be able to detoxify the pyrethrins, and death is more likely when the temperature drops at night. Therefore, accounting for temperature in protocols that are designed to evaluate the sensitivity of reptiles to toxicants is not simple, but it is necessary to achieve a realistic evaluation of reptile sensitivity.
Regardless of which exposure techniques are standardized, reptiles need to be included in toxicological studies, and one or more laboratory reptile models need to be developed as a first step in providing a database for reptile sensitivity. Although precedence has been set for using wild-caught green anole lizards as a model for laboratory studies to determine the effects of some pesticides [11] , several problems are associated with using wild-caught reptiles for laboratory ecotoxicological studies. For example, nothing is known about their previous exposure to pesticides, exact age, previous health, or parasite loads. Talent et al. [36] suggested that a better laboratory model for standardized tests would be captive-reared western fence lizards (Sceloporus occidentalis), because all these problems would be eliminated.
